Multiple genetic loci associated with obesity or body mass index (BMI) have been identified through genome-wide association studies conducted predominantly in populations of European ancestry. We performed a meta-analysis of associations between BMI and approximately 2.4 million SNPs in 27,715 east Asians, which was followed by in silico and de novo replication studies in 37,691 and 17,642 additional east Asians, respectively. We identified ten BMI-associated loci at genome-wide significance (P < 5.0 × 10 −8 ), including seven previously identified loci (FTO, SEC16B, MC4R, GIPR-QPCTL, ADCY3-DNAJC27, BDNF and MAP2K5) and three novel loci in or near the CDKAL1, PCSK1 and GP2 genes. Three additional loci nearly reached the genome-wide significance threshold, including two previously identified loci in the GNPDA2 and TFAP2B genes and a newly identified signal near PAX6, all of which were associated with BMI with P < 5.0 × 10 −7 . Findings from this study may shed light on new pathways involved in obesity and demonstrate the value of conducting genetic studies in non-European populations.
3 0 8 VOLUME 44 | NUMBER 3 | MARCH 2012 Nature GeNetics l e t t e r s genomic control inflation for the stage 1 meta-analysis results (1.056; see Online Methods). These analyses revealed that the index SNPs in six previously reported loci (FTO, SEC16B, MC4R, GIPR-QPCTL, ADCY3-DNAJC27 and BDNF) were associated with BMI with genome-wide significance (P < 5.0 × 10 −8 ), whereas those in three other previously reported loci (GNPDA2, TFAP2B and MAP2K5) were near genome-wide significance (P < 5.0 × 10 −7 ) ( Table 1 and  Supplementary Table 4 ). In addition, the index SNPs in nine other previously reported loci were associated with BMI with nominal significance (P < 0.05) (Supplementary Table 4) . Table 5) , one identified by our study and another by the GIANT consortium (published during the course of our study) 8 . The SNPs at ADCY3-DNAJC27 and MAP2K5 identified in our study are in linkage disequilibrium (LD) with the ones identified by the GIANT consortium. At GIPR-QPCTL, our identified SNP, rs11671664, is not in LD with the GIANT-identified SNP, rs2287019, in Asians (r 2 = 0.026) and is in weak LD with rs2287019 in Europeans (r 2 = 0.264). rs2287019 did not have a statistically significant association with BMI in east Asians (Supplementary Table 4 ). Conditional analyses with the two SNPs at each locus included in the same model for mutual adjustment revealed a statistically significant association with BMI only for the SNP identified by our study (Online Methods and Supplementary Table 5 ), suggesting that the SNP we identified represents an independent association signal in Asians at the same locus.
We compared two SNPs at each of the GIPR-QPCTL, ADCY3-DNAJC27 and MAP2K5 loci (Supplementary
The reported effect sizes for BMI-related SNPs in studies of populations of European ancestry are usually greater than 3% of the s.d. of BMI 4 . Given the sample sizes of our study, we had adequate statistical power (>0.8) to detect a SNP with such an effect size and with a MAF of >0.2 in stage 1 or a MAF of >0.08 in the combined stage 1 and 2 data at a significance of P < 0.05. The index SNPs in the 19 previously identified loci that were not replicated in our study at P < 0.05 had either very small effect sizes or very low MAFs in east Asians (Supplementary Table 4) .
One representative SNP from the four newly identified loci at or near the CDKAL1, PCSK1, PAX6 and GP2 genes and the three loci at the GIPR-QPCTL, ADCY3-DNAJC27 and MAP2K5 genes that were reported by the GIANT consortium 8 (Supplementary Table 4 ) were selected for further replication in stage 3 using de novo genotyping in three studies that included a total of 17,642 subjects (Supplementary Tables 1 and  2 ). In stage 3 analyses, the directions of the associations between BMI and the seven SNPs were consistent with the corresponding associations in stages 1 and 2. The final results derived from combined data from all three stages showed that six SNPs at or near GIPR-QPCTL, ADCY3-DNAJC27, MAP2K5, CDKAL1, PCSK1 and GP2 were associated with BMI with genome-wide significance (P = 1.02 × 10 −8 to 5.93 × 10 −14 ) ( Table 1) , and rs652722 near the PAX6 gene was found to be associated with BMI with P = 7.65 × 10 −8 (Supplementary Table 6 ). The variance in BMI explained by these SNPs is presented in Table 1 .
We also evaluated the association of BMI with these seven SNPs in the GIANT consortium data. Four of these SNPs (rs654581, rs261967, rs4776970 and rs1167166) at or near the AGCY3-DNAJC27, PCSK1, MAP2K5 and GIPR-QPCTL loci, respectively, showed a significant association with BMI at P < 0.007 (P = 0.05/7, to account for seven tests) (Supplementary Table 7) . Although the effect sizes of these seven loci were smaller than those of the well-established variants in the FTO, MC4R and SEC16B loci (2.55-4.22% of s.d. versus 5.51-7.92%; Table 1 ), their effect sizes were larger and the explained variances were larger in east Asians than in Europeans (Supplementary Table 7) , with the exception of rs4776970 in the MAP2K5 gene, which was independently identified by both our study and the GIANT l e t t e r s consortium study. The explained variance of this SNP is 0.03% in Europeans (Supplementary Table 7 ) and 0.02% in Asians ( Table 1) .
As shown in Table 1 , the SNP in FTO had the greatest effect on BMI and accounted for the largest proportion of the variance (0.18%) in our study population. Together, the 10 loci associated with BMI that reached genome-wide significance explained 0.87% of the interindividual variation in BMI, and all 22 loci that were associated with BMI at P < 0.05 explained 1.18% (Online Methods and Supplementary Table 4 ). These explained variance values are lower than those reported by the GIANT consortium (1.45% for the SNPs overall and 0.34% for FTO) 8 . After exclusion of SNPs within these 22 loci that were associated with BMI at P < 0.05, the number of SNPs with small observed P values for an association with BMI still exceeded the expected number ( Fig. 2) , suggesting that additional BMI-related loci remain to be uncovered in east Asians.
The newly identified associations of four SNPs at or near the CDKAL1, PCSK1, PAX6 and GP2 genes with BMI were consistent across studies, gender and ancestry and remained little changed after subjects with chronic diseases (cancer or diabetes) were excluded (Supplementary Table 6 ). Meta-analyses of obesity as a dichotomous outcome (BMI ≥ 27.5) 14 also showed similar associations, with odds ratios per allele ranging from 1.05 to 1.10 (Supplementary Table 8 ). Of the studies participating in our analyses, one stage 2 study, the Singapore Cohort study Of the Risk factors for Myopia (SCORM), only included children (9 year olds). In data from the SCROM study, all four loci had an association with BMI consistent with the meta-analysis, and the rs652722 SNP near PAX6 was associated with nominal significance (P = 0.0335) (Supplementary Table 6 ). Excluding the SCORM study from the analysis had little effect on the results.
The consistency of the findings across studies and populations suggests that population structure alone did not account for the significant associations we identified. In addition, multiple SNPs in LD with each other showed similar associations in the combined stage 1 and 2 data at each locus ( Fig. 3 and Supplementary Table 9 ). This finding, together with the identification of similar associations in the de novo replication stage, suggests that our results are unlikely to have been caused by genotyping or imputation errors.
The locus represented by the rs9356744 SNP (6p22.3) contains the CDKAL1 gene, which has been reported to affect type 2 diabetes risk in a number of studies [15] [16] [17] . A recent study identified an association between a SNP in CDKAL1, rs4712526, and BMI in 8-year-old children 18 . rs4712526 was not included in stage 2, but stage 1 data for this SNP were consistent with the previous report (Supplementary Table 10 ). This SNP is in strong LD with rs9356744 (r 2 = 0.87) in Asians. Excluding participants with type 2 diabetes resulted in a similar association (P = 4.01 × 10 −8 ) (Supplementary Table 6 ), indicating that the association of rs9356744 with BMI was not driven by inclusion of individuals with diabetes in the study. Additionally, two SNPs in the CDKAL1 gene (rs9356744 and rs9368222; Supplementary Table 9) are cis expression quantitative trait loci (eQTLs) for the nearby E2F3 gene, a transcription factor and tumor suppressor 19 . In an accompanying paper, Okada et al. 20 identified another SNP (rs2206734) in the The names are shown for the top SNPs, which were selected on the basis of combined data from all studies with full genomic control adjustment (table 1). The P value in stage 1 for the same SNP is denoted by a purple circle and indicated with an arrow. Estimated recombination rates (from HapMap) are plotted in cyan to reflect the local LD structure. The SNPs surrounding the top SNP are colored to reflect their LD with the top SNP (using pairwise r 2 values from HapMap Han Chinese in Beijing (CHB) and Japanese in Tokyo (JPT) data). The positions of genes and exons, as well as the direction of transcription, are shown below the plots (using data from the UCSC Genome Browser). Plots were generated using LocusZoom. l e t t e r s CDKAL1 gene that is associated with BMI. rs9356744 and rs2206734 are in strong LD in Asians (r 2 = 0.932) and in weaker LD in Europeans (r 2 = 0.396). In data from the GIANT consortium, rs9356744 was not associated with BMI (P = 0.186; Supplementary Table 7) , but rs2206734 was (P = 0.0049). These findings suggest that the functional SNP encoding risk for obesity is in LD with both rs9356744 and rs2206734 in east Asians but only with rs2206734 in populations of European ancestry. At the chromosome 5 locus (5q15), the top SNP, rs261967, along with 13 other SNPs that are in strong LD (r 2 = 1.0) with it, reached genome-wide significance in the combined stage 1 and 2 data (Supplementary Table 9 ). The nearest gene to this locus is PCSK1 (81.3 kb upstream). A candidate-gene study reported two common nonsynonymous coding variants (rs6234 and rs6235) in the PCSK1 gene that were associated with obesity 21 . However, these two SNPs showed no association with BMI in our study (Supplementary Table 10 ), nor were they in LD with the 14 SNPs we identified (r 2 = 0) according to HapMap Asian data. rs261967 showed an association with BMI (P = 0.00158; Supplementary Table 7) in the data provided by the GIANT consortium 8 .
At the chromosome 16 locus (16p12.3), the identified SNP, rs12597579, is near the GPR139 and GP2 genes. Multiple SNPs in this region showed an association with BMI in stage 1 that nearly met the significance threshold that was required for them to be evaluated in stage 2 (Fig. 3d) . One of these SNPs, rs12598578 (P = 1.63 × 10 −4 ; Supplementary Table 10), which is in LD (r 2 = 0.968 in Asians) with the identified rs12597579 SNP, is highly conserved across species according to the TRANSFAC database 22 , and the common G allele creates a Ying-Yang transcription factor binding site.
The top SNP at the chromosome 11 locus (11p13), rs652722, is approximately 66.0 kb from the nearest gene, PAX6. This SNP is in LD with several SNPs that, according to the SCAN database 23 , are predicted to be eQTLs for a number of genes potentially important in the regulation of body weight. Among the potentially regulated genes is MIF, according to HapMap lymphoblastoid cell lines. According to data from these cell lines, two SNPs (rs621611 and rs679887) in LD with rs652722 are significantly associated with MIF expression in SCAN. High plasma levels of the MIF protein are related to higher BMI 24 . Another gene whose expression is associated with rs652722 is PFKP, which, along with FTO, has been associated with increased BMI, hip circumference and weight 2 .
We identified multiple signals at the ADCY3-DNAJC27 locus (Supplementary Table 4) . The rs11676272 SNP (P = 5.88 × 10 −10 ) encodes a predicted missense mutation in the ADCY3 gene that causes a p.Ser107Pro alteration in the protein, and this change is predicted to be potentially deleterious according to PolyPhen. This SNP is also associated with expression of the POMC gene, which regulates energy balance 8 . In addition, rs11676272 and rs6545814 at this locus (r 2 = 0.98 for LD between the two SNPs in Asians) are both eQTLs for the ADCY3 gene 25 .
In conclusion, our study identified ten loci that are associated with BMI at the genome-wide significance level (P < 5.0 × 10 −8 ), including seven loci previously identified in populations of European ancestry (FTO, SEC16B, MC4R, GIPR-QPCTL, ADCY3-DNAJC27, BDNF and MAP2K5) and three newly identified loci in or near the CDKAL1, PCSK1 and GP2 genes. Three additional loci nearly reached genomewide significance, including two previously identified SNPs in the GNPDA2 and TFAP2B genes and a newly identified marker near PAX6, all having P < 5.0 × 10 −7 . Of the three previously reported loci at GIPR-QPCTL, ADCY3-DNAJC27 and MAP2K5, conditional analyses showed that only the SNPs identified by our study were associated with BMI in east Asian populations. The representative SNP (rs261967) near the newly identified association with PCSK1 showed a significant association (P = 0.00158) with BMI in a European population. As expected, the explained variance of the previously reported loci was generally lower in east Asians than in Europeans, whereas the explained variance for the newly identified loci from this study was generally higher in east Asians than in Europeans. The identification of new loci may shed light on new pathways involved in obesity. Future fine mapping of mixed-ancestry populations could lead to the identification of causal links.
oNLINE METhodS
Study design. This study had three stages. Stage 1 was a meta-analysis of studyspecific results on the association between SNPs and BMI from eight GWAS that participated in the consortium and included a total of 27,715 individuals of east Asian ancestry. Each participating study was approved by the local institutional review board, and informed consent was obtained from participants. Promising SNPs selected from the stage 1 meta-analysis were further examined by in silico (stage 2) and de novo (stage 3) replication analyses. Basic information for all participating studies is summarized in Supplementary Figure 1, Supplementary  Tables 1 and 2 and the Supplementary Note. Stage 1 samples and genotyping. The sample sizes of the eight GWAS in stage 1 varied between 821 and 8,838 participants, with a total of 27,715 individuals. For genotyping, two studies used Affymetrix arrays, and six studies used an Illumina platform (detailed information is provided in the Supplementary Note). To allow for the combination of the data derived from different genotyping platforms and to improve coverage of the genome, genotype imputation was performed by each participating study using either MACH or IMPUTE.
Stage 1 statistical analysis.
A uniform statistical analysis protocol was followed by each participating study. To calculate BMI, each study collected weight and height measurements. To improve the normality of the BMI distribution and alleviate the impact of outliers, the rank-based inverse normal transformation (INT) was applied separately to BMI values for each gender in each study. INT involves ranking all BMI values, transforming these ranks into quantiles and converting the resulting quantiles into normal deviates. The association between SNPs and the inverse normal transformed BMI values was analyzed with a linear regression model. The association between SNPs and obesity as a dichotomous outcome, which defined obesity as BMI ≥ 27.5 (ref. 14) , was analyzed with a logistic regression model assuming an underlying additive genetic mode and adjusting for age (continuous), age squared, gender (if applicable) and ancestry (if applicable). Stratified analyses by gender and disease status (for cancer or type 2 diabetes) were also performed by each study.
Next, we carried out meta-analyses using two methods in parallel to crosscheck the results: one approach combined effects weighted by the inverse variance and the second combined P values weighted by the square root of the sample size for each study. Both meta-analysis procedures were implemented in the METAL software package (see URLs). The final P values obtained from these two methods were highly congruent (Pearson correlation r = 0.98). P values derived from the effect-size-based method are reported here, as this method is preferred, in general, to the P value-based method and also provides combined regression coefficients and their standard errors 26 . The metaanalyses were carried out with all data combined and were also stratified by gender and disease status. The presence of heterogeneity across studies and between genders was tested with Cochran's Q statistics 27 .
To correct each study for residual population stratification or cryptic relatedness, the meta-analyses were performed with genomic control correction 28 by adjusting for the study-specific inflation factor (λ), which ranged from 1.000 to 1.075 in stage 1 (Supplementary Table 3) . After study-specific genomic control adjustment, the estimated inflation factor for the stage 1 meta-analysis statistic was 1.056, which was further adjusted when combining stage 1 results with stage 2 replication data.
On the basis of the stage 1 meta-analysis on the association between SNPs and BMI in all participants, we selected for stage 2 replication a total of 848 SNPs, which included 798 SNPs with P < 1.0 × 10 −4 and 50 SNPs located in previously reported obesity-related loci that had P > 1.0 × 10 −4 . The cutoff of P < 1.0 × 10 −4 was chosen so that the overall P value would reach genome-wide significance (P < 5.0 × 10 −8 ) given the sample sizes of stages 1 and 2.
Stage 2 in silico replication. The 848 SNPs selected for replication were investigated in an independent set of 37,691 individuals of east Asian ancestry from seven additional GWAS. The sample sizes of the seven additional studies varied between 901 and 27,284 subjects. The RIKEN study was the main source of the replication data and included 27,284 individuals. One study (SCORM) included only children (9 year olds). All studies used the Illumina platform except for the GenSalt study, which used an Affymetrix array. Genotype imputation was also performed by each study using either MACH or IMPUTE, as for studies included in stage 1.
Each study individually conducted a similar analysis of the SNPs selected from stage 1, using the same protocol as in stage 1. The stage 2 data were combined using meta-analysis methods with study-specific genomic control adjustment in a manner similar to that performed in stage 1. Finally, we used meta-analysis to combine all data from stages 1 and 2, with further adjustment for the estimated inflation factor for the stage 1 meta-analysis statistic.
Stage 3 de novo replication. Seven SNPs that were associated with BMI according to the analysis of combined stage 1 and 2 data, including four SNPs at four newly identified loci and three loci that overlapped with loci that were reported by the GIANT consortium during the course of our study, were further validated in our stage 3 de novo replication studies. These analyses were conducted with data from three study sites (Supplementary Table 1) , and the genotyping for the seven SNPs was carried out for a total of 17,642 east Asians. The results from stages 1, 2 and 3 were combined and analyzed using meta-analysis methods.
Quality control procedures. The following quality control procedures were recommended for each participating study. SNPs were excluded, either in the primary analysis conducted by each participating study or at the meta-analysis stage (Supplementary Table 3) , if they (i) had a call rate of <90%, (ii) deviated from Hardy-Weinberg equilibrium with P < 1.0 × 10 −6 , (iii) had a MAF of <1%, (iv) had low imputation quality (for imputed SNPs; r-hat < 0.3 for MACH or proper-info < 0.5 for IMPUTE) or (v) were potentially contaminated. Samples from individuals were removed if they had a call rate of <90%, if they showed first-degree cryptic relationships in an identity-by-descent (IBD) analysis or if they were potentially contaminated. The specific quality control procedures adopted by each study are summarized in Supplementary Table 3. Conditional analysis. To investigate the independent association of SNPs in the same locus, conditional analyses were conducted by including both SNPs at the same locus in the same regression model for mutual adjustment. The normal transformation of BMI values and the adjustment of covariates were applied in the same manner as in the stage 1 analysis. These conditional analyses were conducted among 57,931 (88.6%) subjects from 11 of the 15 studies in stages 1 and 2.
Estimation of the explained variance. The variation in BMI explained by an individual SNP was estimated by 2β 2 f(1 -f) (ref. 29) , where f is the frequency of the variant and β is its additive effect estimated from the stage 2 studies. We subsequently estimated the overall fraction of variance that can be explained by all significantly associated SNPs found in the current meta-analyses by calculating the genetic score with where m is the number of SNPs, β j is the effect of an allele at locus j, estimated from the stage 2 data, and A ij is the number of reference alleles of individual i at locus j. The measure of variance explained (adjusted R 2 ) was estimated from a linear regression model incorporating the score as the predictor and the covariate-adjusted inverse normal transformed BMI residuals as the outcome. We reported the average explained variance weighted by the sample size of each study. These analyses to estimate the explained variance were conducted among 57,931 (88.6%) subjects from 11 of the 15 studies in stages 1 and 2.
Analyses of coding SNPs, eQTLs and copy-number variant (CNVs). Variants with potential functional impact were evaluated using the SNP Function Prediction tool, which is part of the SNPinfo Web Server 30 . This tool identifies SNPs with potential functional consequences, including those resulting in coding changes. The severity of a coding change was evaluated with PolyPhen, although SNPs reported to result in coding changes of consequence were independently verified using the PolyPhen website 31 (see URLs).
eQTLs were evaluated using the SCAN database 23 and the GeneVar program 25 , with RNA sequencing and genotyping experiments conducted as described previously 32 .
To test for CNVs in the proximity of the specific variants of interest, we used the UCSC Genome Browser 33 . Although direct access to individual-level SNP genotype information was unavailable to directly test for the presence of CNVs, we used the phased genotypes from HapMap 2 release 22 data 34 , which show estimated LD values for the CHB and JPT HapMap populations (hapmapLdPhChbJpt table), in combination with the UCSC Genome Browser track from the Database of Genomic Variants (dgv table) 35 to identify the presence of known CNVs that intersected regions in strong LD with GWAS variants.
